Genetic variants in the pharmacokinetic (PK) mechanism are the main underlying factors affecting the antiplatelet response to clopidogrel. Using a genomewide association study (GWAS) to identify new genetic loci that modify antiplatelet effects in Chinese patients with coronary heart disease, we identified novel variants in two transporter genes (SLC14A2 rs12456693, ATP-binding cassette [ABC]A1 rs2487032) and in N6AMT1 (rs2254638) associated with P2Y12 reaction unit (PRU) and plasma active metabolite (H4) concentration. These new variants dramatically improved the predictability of PRU variability to 37.7%. The associations between these loci and PK parameters of clopidogrel and H4 were observed in additional patients, and its function on the activation of clopidogrel was validated in liver S9 fractions (P < 0.05). Rs2254638 was further identified to exert a marginal risk effect for major adverse cardiac events in an independent cohort. In conclusion, new genetic variants were systematically identified as risk factors for the reduced efficacy of clopidogrel treatment.
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Study Highlights WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
þ Clopidogrel is a first-line antiplatelet therapy for CHD, but it is associated with substantial variability in PK and pharmacodynamic response. To date, gene variants explain only a small proportion of the variability.
WHAT QUESTION DID THIS STUDY ADDRESS?
þ The study aimed to identify new genetic loci-modifying antiplatelet response to clopidogrel in Chinese patients with CHD by a systematic analysis combining antiplatelet effects and PK. WHAT THIS STUDY ADDS TO OUR KNOWLEDGE þ We identified novel variants in two transporter genes (rs12456693 in SLC14A2 and rs2487032 in ABCA1) and in N6AMT1 (rs2254638) associated with clopidogrel-treated PRU and plasma H4 concentration. The new variants, together with CYP2C19*2 and clinical factors, dramatically improved the predictability of PRU variability to 37.7% compared with the published value of 20%. Meanwhile, N6AMT1 rs2254638 was identified to exert a marginal risk effect for MACE in an independent cohort. HOW THIS MIGHT CHANGE CLINICAL PHARMA-COLOGY OR TRANSLATIONAL SCIENCE þ Our study findings enhanced the understanding of the absorption and metabolic mechanisms that influence antiplatelet response to clopidogrel treatment.
Clopidogrel is a first-line antiplatelet therapy for coronary heart disease (CHD) and an extensively prescribed drug worldwide. 1, 2 However, clopidogrel therapy is associated with highly variable pharmacodynamic response, and individuals with high residual on-treatment platelet reactivity have a great risk of death, myocardial infarction, and stent thrombosis. [3] [4] [5] [6] [7] [8] Reduced efficacy of clopidogrel may be caused not only by nongenetic factors, such as age and use of interacting drugs, but also by genetic polymorphisms, particularly those in transporters and enzymes participating in clopidogrel absorption and metabolic transformation. Several studies have been conducted using a candidate gene approach to identify genetic variants associated with antiplatelet and pharmacokinetic (PK) response to clopidogrel. [9] [10] [11] [12] However, such candidate gene studies have shown inconsistent results, except for those of CYP2C19 variants. A recent genomewide association study (GWAS) identified an association with CYP2C19*2 and diminished platelet response to clopidogrel treatment and poor cardiovascular outcomes, 12 and this result was confirmed by other studies. 11, 13, 14 Wan-Ping Zhong and Hong Wu contributed equally to the study and are considered co-first authors. 1 Gene variants that have been investigated to date explain only 12% of the variability in the clopidogrel response and 20.6% when combined with clinical factors. 12, 15 The substantial variability in the response to clopidogrel remains unexplained. 16, 17 Published GWAS may have missed single-nucleotide polymorphisms (SNPs) with small or moderately sized genetic effects on the P2Y12 reaction unit (PRU) variations under clopidogrel treatment, because of the stringent cutoff imposed by Bonferroni correction. Furthermore, a vast racial difference exists in the distribution of genetic variants. Studies focusing on white subjects may have also overlooked significant associations with Chinese subjects.
Considering that genetic variants in PK mechanisms are the main underlying factors that modify the antiplatelet effects of clopidogrel, joint analysis of genetic variants modifying pharmacodynamic and PK response to clopidogrel should be effective for identifying the biochemical mechanism. [18] [19] [20] Therefore, additional GWAS using combination analysis of antiplatelet effects and PKs are necessary to identify new potential genetic variants that affect the antiplatelet response to clopidogrel, 21 particularly in non-European populations.
In this study, we conducted a genome-wide investigation on the effects of genetic variants on the clopidogrel-treated antiplatelet response and H4 (an active metabolite of clopidogrel) exposure. For SNPs associated with platelet function in response to clopidogrel and H4 exposure, we then evaluated their relationship with PK parameters of clopidogrel and H4 in additional patients with CHD, as well as investigated the function of these SNPs on clopidogrel activation in human liver tissues. Finally, the SNPs suggestively associated with antiplatelet effects and H4 exposures were further determined by their link to major adverse cardiac events (MACEs) in patients with CHD after percutaneous coronary intervention.
RESULTS

Patient characteristics and their effects on the antiplatelet response to clopidogrel and H4 exposure
A schematic of the design of the GWAS is illustrated in Figure 1 . In stage I, 3 of 120 patients were excluded for failure of the VerifyNow test, whereas 2 patients were excluded for deviation from the population, as shown by principal component analysis (PCA; Supplementary Figure S1 online). Thus, 115 patients passed quality control and were included in the GWAS analysis. Baseline clinical characteristics and their effects on the H4 concentration and PRU of 115 patients are shown in Supplementary Table S1 online. In stage IIa, baseline clinical characteristics and their effects on PKs of clopidogrel and H4 in 31 patients are shown in Supplementary Table S2 online.
Patient characteristics and their effects on antiplatelet and PK response to clopidogrel in stages I and IIa can be found in the Supplementary Data online.
Genomewide association study of the antiplatelet response to clopidogrel and H4 exposure
To identify SNPs associated with antiplatelet response to clopidogrel treatment, we performed a GWAS of PRU at 4 h in 115 patients with CHD. The antiplatelet effects of clopidogrel at 4 h widely varied (Supplementary Figure S2a online) . Although no genomewide significant association signals were detected in single marker-based GWAS of PRU or PRU >208 with a Bonferroniadjusted P value (P < 7.11 3 10 28 ), a total of 125 loci in 25 genes showed suggestive evidence of association with PRU or PRU >208 (P < 1 3 10
24
) excluding CYP2C19*3 (rs4986893, P PRU >208 5 0.5003, P PRU 5 0.3513).
The plasma concentration of clopidogrel, H4, and H3 at 2 h widely varied (Supplementary Figure S2 online) . Among 125 Figure 1 Schematic of the design of the genomewide association study (GWAS). CHD, coronary heart disease; PK, pharmacokinetic; PRU, P2Y12 reaction unit; SNP, single-nucleotide polymorphism.
SNPs associated with PRU or PRU >208 (P < 1 3 10 24 ), 27 SNPs were associated with the H4 concentration at 2 h at the significance level of P < 0.01 (Supplementary Table S3 online), among which 23 SNPs were within the HELLS-CYP2C18-CYP2C19 cluster (Figure 2a) . These SNPs were in strong linkage disequilibrium (LD) with one another with pairwise r 2 5 0.49-1.0, including CYP2C19*2 (rs4244285, P 5 1.66 3 10
25
). Univariate linear regression analysis revealed that CYP2C19*2 was associated with increased PRU, which explained 11% PRU variation. Others included rs12456693 in SLC14A2 (P 5 8.52 3 10
23
; Figure 2b ), rs2254638 in N6AMT1 (P 5 6.29 3 10 23 ; Figure 2c ), rs4741806 on chromosome 9 (P 5 2.40 3 10 23 ), and rs7292279 on chromosome 22 (P 5 9.08 3 10
).
Association of single-nucleotide polymorphisms in absorption, distribution, metabolism, and excretion genes with P2Y12 reaction unit and H4 concentration A total of 399 loci in 95 candidate absorption, distribution, metabolism, and excretion (ADME) genes were significantly associated with PRU or PRU >208 (P < 0.01). Among these loci, 77 SNPs were associated with the H4 concentration (P < 0.05; Supplementary Table S4 online). Besides SNPs in the CYP2C19 cluster and SLC14A2, four loci (ATP-binding cassette [ABC]A1 rs2487032, ABCA4 rs4147820, MGST1 rs12369968, and UGT2B11 rs13123057) were significantly associated with the H4 concentration (P < 0.01).
Selected single-nucleotide polymorphism genotyping for replication studies in stages II and III SNPs were selected based on the following criteria for further validation: (1) P < 1.0 3 10 24 for PRU or PRU >208 for all SNPs and P < 0.05 for the H4 concentration; (2) P < 0.01 for PRU or PRU >208 for SNPs in ADME genes and P < 0.05 for the H4 concentration in stage I; (3) only the SNP with the lowest P value was chosen to represent multiple SNPs, which were in high LD (r 2 0.8) for each gene. Eighteen SNPs satisfied the criteria for replication (Supplementary Table S5 online, Table 1 ).
Contribution of the novel loci to variability of antiplatelet effects and pharmacokinetic of clopidogrel
To identify the independent contribution of each factor to the interindividual variability in antiplatelet and PK response to clopidogrel, multivariate linear regression analysis was used. The results showed that CYP2C19*2, rs2254638 in N6AMT1, rs2487032 in ABCA1, use of calcium channel blockers, and sex were independent predictors for variability of the antiplatelet response to clopidogrel. These factors explained 37.7% of the variance in PRU, among which 28.2% was explained by genotypes. CYP2C19*2, rs12456693 in SLC14A2, rs2254638 in N6AMT1, and age were independent predictors for variability of the H4 concentration. These predictors explained up to 28.3% of variability, of which 23.4% was explained by genotypes ( Table 2 ). Effects of single-nucleotide polymorphisms on the pharmacokinetic of clopidogrel and H4 in patients with coronary heart disease Supplementary Figure S3 online presents the plasma concentration-time profiles of clopidogrel and its metabolites obtained in 31 patients after the administration of clopidogrel in stage IIa. The absorption of clopidogrel from the gastrointestinal tract widely varied. The PK parameters calculated for clopidogrel and its metabolites are presented in Supplementary Table S6 online.
To investigate the absorption and metabolic mechanisms that influenced antiplatelet response to clopidogrel treatment, SNPs associated with antiplatelet effects and PKs of clopidogrel were further studied in 31 patients with CHD along with PK parameters of clopidogrel and H4 (Supplementary Table S7 online, Table 1 ). Among the 18 significant SNPs identified in stage I, rs1048196 in HELLS, rs1926711 in CYP2C18, and CYP2C19*2 in the HELLS-CYP2C18-CYP2C19 cluster were associated with the mean H4 area under the curve (AUC 0-4h ; P 5 0.0273, 0.0843, and 0.00861, respectively). These SNPs were in strong LD (r 2 5 0.49-0.96). CYP2C19*2 is shown as a representative (Figure 3a) . The AUC 0-4h of H4 for GG homozygotes was significantly higher than those for GA heterozygotes and AA homozygotes of CYP2C19*2.
The rs12456693 T allele in SLC14A2 was associated with decreased time of maximum plasma concentration (T max ) of clopidogrel (P 5 0.00485), decreased T max of H4 (P 5 0.0444), and increased peak plasma concentration (C max ) of H4 (P 5 0.0245; Figure 3b) . The rs2254638 C allele in N6AMT1 was associated with increased T max of clopidogrel (P 5 0.0249) and increased T max of H4 (P 5 0.0551; Figure 3c ). The rs2487032 A allele in ABCA1 was associated with decreased C max (P 5 0.0211) and decreased AUC 0-4h (P 5 0.00590) of clopidogrel and decreased T max of H4 (P 5 0.0189; Figure 3d ).
Effects of single-nucleotide polymorphisms on the activation of clopidogrel in human liver S9 fractions
To investigate further whether these new variants have a potential function in the activation of clopidogrel, we used 32 individual human liver S9 fractions to compare H4 formation among different genotypes of the 18 SNPs (Supplementary Table S8 online, Table 1 ). Rs1048196 in HELLS, rs1926711 in CYP2C18, and CYP2C19*2 in the HELLS-CYP2C18-CYP2C19 cluster were associated with decreased H4 concentration (P 5 0.0135, 0.0153, and 0.0334, respectively). CYP2C19*2 was associated with decreased H4 concentration (1.84 6 1.57 ng/mL/mg protein for *2/*2; 5.86 6 5.08 ng/mL/mg protein for *1/*2; and 8.53 6 6.46 ng/mL/mg protein for *1/*1; P 5 0.0334). The N6AMT1 rs2254638 was associated with decreased H4 concentration (9.21 6 3.68 ng/mL/mg protein for TT; 7.69 6 6.48 ng/mL/mg protein for TC; and 3.36 6 3.75 ng/mL/mg protein for CC; P 5 0.0386). Other SNPs were not associated with the H4 concentration in human liver S9 fractions (P > 0.05).
Effects of the novel loci on the risk of major adverse cardiac event in patients with coronary heart disease To validate whether the significant SNPs identified potentially influence the clinical outcome, these SNPs were genotyped for 299 patients with CHD after percutaneous coronary intervention by the Sequenom's MassARRAY system. Rs1571678 was not included, because it was in strong LD with rs2254638 in N6AMT1 at r 2 Patients with the C allele had a higher risk of MACE than those without (OR 5 1.428; 95% CI 5 0.978-2.086). Rs12456693 in SLC14A2 was marginally associated with the occurrence of MACE (P 5 0.0953; FDR 5 0.4726). No significant association was observed between CYP2C19*2 and MACE (P 5 0.9463; FDR 5 0.9463). Rs12913988 in ATP10A was found to be significantly associated with the occurrence of MACE (P 5 0.0011; FDR 5 0.0187). Patients with the T allele had a higher risk of MACE in 1.5 years (OR 5 1.876; 95% CI 5 1.285-2.740). Other SNPs were not associated with the occurrence of MACE (P > 0.1; FDR >0.5; Table 4 ). improved the predictability of PRU variability to 37.7% compared with the published value of 20%. Rs12456693 in SLC14A2 was also an independent predictor for the variability of the H4 concentration. N6AMT1 rs2254638 and SLC14A2 rs12456693 were further identified to exert a marginal risk effect on the occurrence of MACE in an independent patient with CHD cohort. We confirmed the association between variants in the HELLS-CYP2C18-CYP2C19 cluster and antiplatelet effects and PK of clopidogrel.
12,22 CYP2C19*2 independently explained 16% of the variation in the logarithm of the H4 concentration at 2 h and 11% of PRU variation after LD of clopidogrel, similar to a published value of 12% of the variation in the clopidogrel response. 12 Whereas CYP2C19*3 did not have a significant contribution to antiplatelet effects, PK, and activation of clopidogrel. The reason may be due to the limited effect of CYP2C19*3 on the activation of clopidogrel, small sample number, and low Indicates the associations between the corresponding baseline characteristics and the occurrences of major adverse cardiac event are significant. 23 Although many studies have shown a positive association between CYP2C19 functional variants and cardiovascular outcomes, we did not find a significant association between CYP2C19*2 or *3 polymorphism and MACE. This result was in line with the findings of two previous metaanalyses 24, 25 and the finding from a recent study. 26 One of the novel findings in the study is that rs2254638 in N6AMT1 may be a potential genetic biomarker to predict the individual difference of the intermediate efficacy response and clinical endpoint to clopidogrel treatment through metabolic and PK mechanisms. Our study showed that rs2254638 in N6AMT1 could lower liver metabolic function, reduce the plasma H4 concentration, decrease the antiplatelet effects of clopidogrel with a higher treated PRU, and confer a risk effect on the occurrence of MACE. N6AMT1 rs2254638 independently explained 4.5% of the variation in the logarithm of the H4 concentration 2 h and 14.8% of PRU variation. The mechanistic basis for the function of N6AMT1 in clopidogrel activation remains unclear. The N6AMT1 gene was identified in humans and encodes an N(6)-adenine-specific DNA methyltransferase. 27 This enzyme possesses specific activity in converting the arsenic metabolite, monomethylarsonous acid, to the less toxic dimethylarsinic acid. 28 Harari et al. 29 reported that N6AMT1 polymorphisms are associated with arsenic methylation in Andean women. Whether N6AMT1 is involved in the activation of clopidogrel directly or through other mechanisms, such as methylation of other metabolic enzymes, should be elucidated in further studies.
ARTICLES
Compared with the metabolism of clopidogrel, the current knowledge about its absorption is limited. Only one transporter, a P-glycoprotein encoded by ABCB1, has been reported to be involved in the intestinal absorption of clopidogrel. 30 Almost all previous publications concerning clopidogrel absorption variability focused on the effects of genetic polymorphism of ABCB1 on antiplatelet and PK response to clopidogrel and clinical outcomes. However, published data on the association of ABCB1 genetic variants and antiplatelet effects and PKs of clopidogrel are inconsistent. [30] [31] [32] [33] We did not find an SNP consistently associated with PRU and H4 concentration. ABCB1 genetic variants may not be a key factor contributing to the absorption variability of clopidogrel. Genetic variants in other transporters involving clopidogrel disposition may contribute to the large coefficient of variation in T max and C max values. The PK of clopidogrel and H4 may be affected not only by the transporter in the absorption phase but also by the transporter in the excretion phase.
We identified novel variants in two transporter genes, SLC14A2 and ABCA1, associated with antiplatelet or PK response to clopidogrel that may enhance our understanding of the absorption and excretion of clopidogrel. ABCA1 was independently associated with PRU but not with H4 at 2 h after a loading dose of clopidogrel, whereas SLC14A2 was independently associated with H4 in the elimination phase. These findings suggested that the mechanisms for ABCA1 and SLC14A2 involved in the PK of clopidogrel and H4 differed. 
SLC14A2 is a member of the solute carrier family and encodes six urea transporters (UTs), UT-A1 to UT-A6 isoforms, in mammals. UT transporters are found mainly in the kidneys and heart, 34 cochlea, 35 placenta, 36 colon, brain, and liver. 37 UTs facilitate the reabsorption and recycling of the urinary urea, thereby increasing medullary urea concentration. 38 Variants in SLC14A2 were associated with blood urea nitrogen levels in a Japanese population, but no clear phenotypic effect was demonstrated. 39 We hypothesized that SLC14A2 was involved in the excretion of clopidogrel, but this hypothesis should be tested in further studies. The newly identified genetic variants in SLC14A2 associated with antiplatelet effects and PKs of clopidogrel were found to have a marginal effect on clinical outcomes for patients with CHD after percutaneous coronary intervention.
ABCA1 encodes a member of the ABC transporter family and is located on chromosome 9q22.31. ABCA1 is expressed in many tissues and cells, including enterocytes and hepatocytes, 40 and plays a major role in cholesterol efflux. In enterocytes, ABCA1 is localized on the basolateral plasma membrane, 41 and induction of ABCA1 enhances basolateral (systemic) absorption of dietary cholesterol that is apically assimilated by enterocytes. 42 McNeish et al. 43 reported that ABCA1 disruption in mice leads to the accumulation of intestinally derived cholesterol in plasma very low-density lipoprotein. Our results showed that a variant of rs2487032, located in an ABCA1 promoter, increased the concentration of plasma clopidogrel's active metabolite H4. This effect increased inhibition of platelet function. The mechanism may involve an increase in the speed of absorption of clopidogrel and H4. However, the SNP was not associated with clinical outcomes.
We also identified a new genetic variant (rs12913988) in ATP10A that functions as a significant risk factor for MACE occurrence, and it enhances the antiplatelet effects of clopidogrel with a low treated PRU and increases the plasma H4 concentration in stage I. The underlying reason leading to the result is unclear and requires further study. ATP10A encodes a protein belonging to the family of P-type cation transport ATPases and to the subfamily of aminophospholipid-transporting ATPases. The appearance of phosphatidylserine on the surface of animal cells triggers phagocytosis and blood coagulation. 44 ATPases transport a variety of different compounds, including ions and phospholipids, across a membrane using ATP hydrolysis for energy.
The novel SNPs detected in our study escaped detection in a previous European GWAS. 12 One of the reasons could be frequency differences among populations for SNPs. For example, rs2254638 in N6AMT1 and rs12913988 in ATP10A are more frequent in East Asians (50-60%) than Europeans (10-15%). Another reason could be the difference of chips used. For example, the previous GWAS in European populations adopted Affymetrix GeneChip Human Mapping 500K or 1M (version 6.0) arrays 12 did not capture rs12913988 in ATP10A. Our study had two limitations that merit mention. (1) The sample size was small; therefore, findings may exhibit false positivity because of multiple comparisons, a problem inherent in GWAS. To address this issue, we jointly analyzed antiplatelet effects and PKs of clopidogrel with genomewide SNPs and adopted a P value at the significance level of CYP2C19*2 for prioritizing functional SNPs. Furthermore, we used not only other patient populations to replicate and confirm findings but in liver S9 fractions to validate the impact of SNPs in vitro. The validated SNPs with biological plausibility of ADME have a high likelihood of being true-positive findings. We further investigated the association of genetic polymorphisms with the clinical outcome in another large population. (2) The H4 concentrations at 2 h after clopidogrel were used as a substitute PK parameter in GWAS of stage I and may have compromised the power to some extent. The PK parameters, including AUC and clearance, were originally designed to be estimated by a nonlinear mixed-effects modeling method. However, given the large individual differences in the absorption phase of clopidogrel, T max reached 4 h, which was the last timepoint of blood drawn, in some patients. Nonlinear mixed-effects modeling of population PK may be biased. In addition, the H4 concentration at 2 h was highly correlated with AUC 0-4h (r 5 0.8141; P < 0.0001) in 31 patients (Supplementary Figure S4 online).
In conclusion, we systematically identified new genetic variants as risk factors for reduced efficacy of clopidogrel and highlighted related genes that may be involved in antiplatelet effects and PK of clopidogrel. Our results enhance our understanding of the absorption and metabolic mechanisms that influence antiplatelet response to clopidogrel treatment.
METHODS
A detailed Methods section is provided in the Supplementary Data online.
Study population and study design A three-stage GWAS in Han Chinese patients with CHD was performed. In stage I, the GWAS of on-treatment platelet reactivity was performed to identify SNPs associated with antiplatelet effects of clopidogrel in 115 patients with CHD. The concentration of H4 was analyzed to identify a PK explanation for SNPs associated with antiplatelet effects in the same cohort. In stage IIa, SNPs associated with antiplatelet effects and PKs of clopidogrel were further studied in 31 patients with CHD along with PK parameters of clopidogrel and H4. In stage IIb, the function of these SNPs on clopidogrel activation was further investigated in 32 human liver tissues. In stage III, clinical outcomes (MACE) were used to study the association between these SNPs and response to clopidogrel in 299 patients with CHD. This study was approved by the Medical Ethical Review Committee of Guangdong General Hospital. All subjects provided written informed consent.
Sample processing
In stage I, patients received a 300 mg loading dose of clopidogrel and a 100 mg dose of aspirin. Blood samples were collected for determining PRU and the plasma concentration of clopidogrel, active metabolite isomer H4, and inactive metabolite isomer H3 at 2 and 4 h after the loading dose. In stage IIa, blood samples for the PK assessment of clopidogrel and its metabolites were collected at 0, 0.25, 0.5, 1, 2, and 4 h after a 300 mg loading dose of clopidogrel.
Antiplatelet effect analysis
The antiplatelet effectiveness of clopidogrel was measured using the VerifyNow, assay as described by the manufacturer (Accumetrics, San Diego, CA). The test of platelet function using PRU was assessed separately as a continuous measure and a categorical measure, which was defined as high or low platelet reactivity on clopidogrel using a PRU cutoff value higher than 208 based on previous studies.
3,45
Bioanalytical analysis A high-performance liquid chromatography tandem mass spectrometry assay was developed and validated for the simultaneous determination of clopidogrel, metabolite stereoisomers (H3 and H4), and internal standard carbamazepine in human plasma and mixtures of liver S9 fraction. The representative tandem mass spectrometry spectrum and liquid chromatography mass spectrometry profiles are shown in Supplementary  Figure S5 online. The PK parameters of clopidogrel, H3, and H4 were estimated using the noncompartmental analysis function in Phoenix WinNonlin version 6.3 software (Pharsight, Cary, NC).
Genotyping and quality control in the genomewide association study A total of 900,015 SNPs in a GWAS scan of 117 subjects were genotyped with the Illumina HumanOmniZhongHua-8 BeadChip according to the Infinium HD protocol from Illumina. Prior to association analysis, a systematic quality control procedure was applied to the raw genotyping data to filter unqualified SNPs and samples. We detected population outliers using a method based on PCA. After quality filtering and cleaning, 115 subjects with 703,143 SNPs were included in further analyses.
Candidate single-nucleotide polymorphism association in absorption, distribution, metabolism, and excretion genes We focused particularly on the genes involved in ADME to identify genetic variants with PK mechanisms associated with response to clopidogrel using combination analysis of antiplatelet effects and PK. We closely examined 16,202 SNPs in 295 candidate ADME genes from PharmaADME (http://www.pharmaadme.org/) and their surrounding regions (62 kb) for association with PRU or PRU >208 and the H4 concentration in 115 patients with CHD.
Pharmacokinetic replication study
To confirm the association between significant SNPs with PK parameters of clopidogrel and H4, as well as further assess possible mechanisms for the association between significant SNPs and PRU, a replication study in 31 patients with CHD was performed in stage IIa. The plasma concentration was determined at 0, 0.25, 0.5, 1, 2, and 4 h.
Functional replication study on clopidogrel activation
In stage IIb, the function of these SNPs on clopidogrel activation was further investigated in 32 human liver tissues to identify a plausible mechanism for newly identified genetic variants. The formation of H4 in the liver S9 fraction was analyzed using a validated liquid chromatography tandem mass spectrometry assay. Genotyping of 18 SNPs was performed using the iPLEX MassARRAY platform (Sequenom).
Clinical validation study
In stage III, we used clinical outcomes as a measure to study the association between these SNPs and clopidogrel efficacy. A total of 299 Han Chinese patients with CHD who received clopidogrel therapy were sequentially recruited and followed up to 1.5 years, including 91 patients with MACE and 208 patients without MACE as control. Genotyping was conducted by Sequenom's MassARRAY system (Sequenom). The effect of genetic variants on the clinical outcome of MACE in 1.5 years was assessed.
Statistics
Details on statistical analysis can be found in the Supplementary Data online.
